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NATIONALADVZSORYCOMMITTEEFORAERONAUTICS

RESEARCHMEMORANDUM

AN INVESTIGATIONOFFLOWCHARACTERISTICSAT MACHNUMBER4.04

OVER6- MI) 9-PEIJXNT-THICKSYMMETRICALCIXULAR-ARC

AIRFOILSHAVING30-PERCENT-CHORD

TRAILING-EDGEFLAPS

ByEdwardF.UlmsnnandDouglas

SUMMARY

Pressure-distributiontestsandschlieren

R. Lord

photographswere_made
at a Machnumberof4.04amdReyuoldsnumbersof about5.0x 106and
8.4x 106on6- andg-percent-thicksymmetricalcircular-arcairfoils
having30-percent-chordtrailing-edgeflaps.Theexperimentalpressure
distributionsinthetwo-dimensionalflowregionat a Reynoldsnuniber
of 5.0x 106showedsomedisagreementswiththetheoreticalpressure
distributionsas a resultof flowseparationsndshock- boundary-
layerinteraction.Dueto thecompensatingnatureofthepressure
disagreements,theairfoilforceandmomentcoefficientsshowedgood
agreementwiththetheoreticallypredictedvsluesexceptfora reduction
in flapeffectivenessat angleconfigurationswhereflowseparation
becameimportant.IncreasingtheReynoldsnuniberfromshout5.0x 106
to about8.4x 1.06inthesetestsdecreasedtheefientof flowseparation
buthadverylittleeffectontheintegratedairfoilforceandnmment
coefficients.Ingeneral,viscouseffectswerefoundtobe less
importantatthetestMachnuniberandReynoldsnumbersthan.atMach
numbersfrom1.62to ‘2.40anda Reynoldsnuniberof 1.06x 106.

INTRODUCTION

A programhasbeenundertakenattheLangleyLaboratoryto determine
theflowcharacteristicsofrectangularwingshaving6- and9-percent-
thicksymmetricalcircular-arcairfoilsectionsandtrailing-edgeflaps.
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Thechiefobjectoftheinvestigationwasto discoversomeofthereasons
forthediscrepanciesbetweenexperimentalandtheoreticalcontrol,
characteristics.

TheresultsoflowReynoldsnumbertestsatMachnumbersof1.62,
1.93, and2.4o(references1 and2) showedthatlaminarseparation
causeda lossof controleffectivenessatlowflapdeflections.The
testsofreference2 alsoshowedthattheseseparation.effectswere
reducedor eltiinatedby producingtransitionfromlad.nartoturbulent
boundarylayer.Thepurposesofthepresent.investigationareto
evaluate,at a higherMachnumber,theeffectsofflowseparation,
shock- boundary-layerinteraction,andReynoldsnumbe~ontheflowover
theseairfoilsandtodeterminetheapplicabilityof someexistingtwO-
dimensionalairfoiltheoriesata Machnumberof 4.04.

‘Thetestsweremadeata Machnumberof.4.04witha Reynoldsnumber
rsngefromabout5.ox 106to 8.4x 106,andincludedjjresauremeasure-
mentsandschlierenphotographsof theflowaboutthewingsovera
moderaterangeof anglesof attackandflapdeflections.
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variationof sectionpitching-momentcoefficientwithangle
ofattack

variationof sectionflapliftcoefficientwithflapdeflection

variationof sectionpitching-momentcoefficientwith
flapdeflection

variationof flapsectionhinge-momentcoefficientwith
flapdeflection

variationof sectionpitching-momentcoefficientwith
sectionliftcoefficient



flapeffectiveness (\ac~

Kfactor-

c.p.distanceof airfoilcenterofpressurefrom
airfoilinchords,positivedownstream

APPARATUSANDTESTS

WindTunnel

NACAEML51D30

leadingedgeof

me testswereconductedintheL~gley~- by 9-&chMachnumber4
blowdowntunnel(fig.1). Thecompressed-airsystemincludesair
dryersusingactivatedaluminawhichdry theairtodewPointsfrom
-20°F to -60°F at300poundspersquareinchabsolut~.Thetest
Reynoldsnumberischangedby changingtunnelstagnationpressureland
runsofover4 minutes-durationarepossibleatthelowestrunning
pressure.Duringtestrunsthestagnationpressureandtemperatureare
continuouslyrecordedon flight-ty’p@opticalTecorders.The airpasses
throu~four16-meshturbulence-dampingscreetiinthe>ettlingchamber
andthenexpandsthroughfixed-geometrynozzleblocksandpassesthrough
a fixedsecondminimumintoa diffuser.Thecross-tunnelscbli,eren
systemusestwoparaboliq-front-surfacereflectors10 inchesindiameter
having72-inch
electricspark

focallen&ths.Thelightsourceisa 40,000-volt
ofabout1 microsecondduration.

Models

Thepressure-distributionandschlierenmodelsweremadeof steel
andwereofrectangularplanformwiththetipscutoffperpendicular
to thechordplane.Themodelshad6- and~-percent-thickcircular-arc
sectionsand30-percent-chordtrue-contourtrailing-edgeflaps.The
airfoilsurfaceswerefinishedtowithin0.001inchof thespecified
valuesandwerepolishedsmooth.Thegapbetweentheflapandtheair-
foilwas0.125percentchordandwasnotsealedduringthetests.

Thepressure-distributionmodelshada k-inchchordanda 5-inch
spanandweresupportedinthetunnelfroma circularplatemounted
flushwiththesidewall(fig.2). Theplatewasrotatedto changethe
angleof attack,whichwasmeasuredby aminclinometerset.onbrackets
on theoutsideoftheplate.A rodfromtheflaprootmidchordsection

..=zawwlw
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t
extendedthrougha sectorcutintheangle-of-attackplate(fig.2) and

d
connectedto a coverplateoutsidethetunnel,whichrotatedaboutthe
hingepinextended.Thiscoverplatewasfittedwitha bracketto
mounttheinclinometer.Theanglesof attackandtheflapangleswere
setbeforeeachruninordertoobtainthebestaccuracyinanglesetting.
Thedimensionsofthemodelsandtheorifice,locationsaregivenin
figure3. Thespanwiselocationoftheorificeswaschosensothatthey
wouldbe ina regionoftwo-dimensionalflowatallthetestanglesof
attackandflapangles.Theschlierenmodelshada 4-inchchordandan
aspectratioof1 andweresting-supported,as showninfigure4. An
offsetstrut,havinga 33-percent-thickdismondprofilenormaltothe
leadingedge,sweptbackat58°,extendedfromthelowersurfaceofthe
wingtothestingsupport.

Tests

Testsweremadeto obtainpressuredistributionsat anglesof
attackfrom-2°to 10oandatflapanglesrangingfromabout16°to -16°.
Test~ynoldsnumbersrangedfrom5x 106to 8.8x 106. Testswererun
at humiditiesbelow1 x 10-5poundsofwatervaporperpoundofdryair.
It isbelievedthatthismoisturecontentwaslowenoughto eliminate
anyappreciablecondensationeffectsfromthedata. Theschlierenmodels
weretestedat approximatelythessmeanglesasthepressure-distribution
modelsandtheanglesof attackunderloadweremeasuredontheschlieren
photographs.Dueto thedeflectionof theratherlongstingssupporting

,1 theschlierenmodels,itwasnotfeasibleto obtainschlierenphotographs
at thesameanglesasthepressuredistributions.

Q
PrecisionofData

Test-sectionconditions.-Tunnelcalibrationtests(seeappendix)
indicatethattheMachnumberintheregionoccupiedby themodelis
4.04 * 0.02sndthatflowconditionsaresuitableforaero~amic
testing.

Alinementofthemodels.-Theprobableerrorinalinementof the
pressure-distributionmodelswiththeairstresmisabout*O.lOO.The
probable-errorbetweenanglesof attackandbetweenflapdeflectionsof
thepressure-distributionmodelsassetbeforeehchrunisk0.03°.

Possibletwistingofthepressure-distributionmodelswasinves-
tigatedby photographingthefreeendsofthewingsunderloadandat
no load.Measurementsfromthephotographsof the9-percent-thickmodel

*? showedno twistof themainwingortheflapwithinthe+O.1°accuracy
of themeasurements.Themeasurementsforthe6-percent-thickmodel

●
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... ?_
showednomeasurabletwistofthemainwingb,utdidshCiwa maximum
angulardisplacementof’theflaptipofapproximately0.7’5°undermaximum
hingemoment.An analysisofthe6-percentpressure-d@tributiondata
indicated,however,thattherewassometwistingofthemainwing. This
twistingwasnoticeableonlyforpositivepitchirigmoments,probably
becauseof theunsymmetricalinternalconstruction.ofthemodel;there-
fore,themaximuminaccuraciesinanglesettingsforthe6-percent-thick
pressure-distributionmodelareprobablyabout~0.2°inangleof attack
and~0.75°inflapdeflection.Correctionsfortwistwerenotapplied
tothedatabecauseof theapproximationsinvolvedindeterminingthe
correctionsthroughouttheanglerange.

x

—
—

—

Theprobableerrorintheangleofattackoftheschl.ierenmodels.
whichwasmeasu’redfromtheschlierenphotographsis i0.25°.The
probableerrorbetweentheflapanglesofthe’schlieren”-modelsis*O.lO.

Measurementsandcomputations.-Measuringtheairfoilpressures
andobtainingtheaerodynamiccoefficientsfromsuchmeasurementsin-
volvescertainerrorsw~ch havebeenevaluated.Theprobableun-
certaintiesof thecoefficientsandinthepositionof thecenterof
pressurewhichwouldoccur inthesemeasurementsandcalculationsare
giveninthefollowingtable:

Center-of-pressure
C2 c% cm*5 ch location

(percentchord)

*0.005 *00001 M ●001 *o●003 fl.5
4

Thedataforthe9-percent-thickairfoilarebelievedtobemoreaccurate
thanindicatedinthetablebecauseoftheabsence
aerodynamictwist.

RESULTSANDDISCUSSION

PressureResults

ofanymeasurable

Generalconsiderations.-Pressuredistributionsforbothairfoils
andschlierenflowphotogr~phsforthe9-perce&t-thickairfoilare .
presentedforrepresentativetest-anglecombinationsinfigures5 to 7.
Thediscussionwillreferchieflyto theg-percentdata,sincetheflow
characteristicsaresimilaronbothairfoilsandaremosteasilyseenon
thethickerairfoil.

..,-
—

----- ..— —

—

.-—

b

.
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Thetheoreticalpressurecoefficientswerecomputedby theshock-
expansionmethod,whichdoesnotincludetheeffectsof flowseparation,
shock- boundary-layerinteraction,orthereflectionof expansions
backtotheairfoilby theleading-edgeshock.Forthe9-percent-thick
airfoil(fig.5) theexperimentalpressuredistributionsareforflap
angles0.75°morepositivethantheflapanglesof thetheoretical
pressuredistributions.Wherea detailedcomparisonbetweenthe
experimentalandthetheoreticalpressurecoefficientsovertheflap
ofthe9-percent-thickairfoilismade,thetheoreticalandexperimental
flapanglesarethesame. Generalcomparisonscanbemadefromfigure5,
however,sincetheincrementsinpressurecoefficientdueto 0.750 flap
deflectionareverysmallthroughoutmostoftheflap-anglerange.

Theagreementbetweentheexperimentalandthetheoreticalpressure
distributionsis,ingeneral,goodforbothairfoils.Moderatedis-
agreementswereencounteredon thehigh-pressuresurfacesofthewingse andflaps,aswellason thelow-pressuresurfacesofthewingsjust
aheadof thehingelinewhenthedeflectedflapcausessn increasein
pressureonthissurface.

Upper-surfaceflowconditions.-Flowseparationontheupperor
low-pressuresurfacewasreportedintestsofthesesameairfoilsat
lowersupersonicMachnumbers(1.62, 1.93, end2.40)andlowerReynolds
numbers(0.55X 10~and1.07x 106)in references1 and2. Inthe
presenttestsincreasingtheReynoldsnumberfromabout5 x 106to about
8.4 x 106completelyeliminatedseparationontheuppersurfacesofthe
airfoilsatsomeangleconfigurations(figs.8 and9). Itwasfound
thattherearwardmovementoftheseparationpointcouldalsobe brought
aboutat a Reynoldsnumber5.ox 106by placinga roughnessstripof
No.90 Carborundumjustbehindtheleadingedgeof theairfoil,thus
causingtheboundarylayertobecometurbulent.Itisprobable,there-
fore,thattheresrwardmovementoftheseparationpoint,as shownin
.figure9, isduetoboundary-layertransitionto turbulentflowat some
pointon theairfoilaheadoftheflaphingelineas theReynoldsnumber
isincreasedfrom5.Ox 106to8.8x 106.

Theforwsrdmovementof theseparationpointontheuppersurface
withnegativelyincreasingflapdeflections(fig.5) isthessmemove-
mentwhichwasobservedatthelowerMachnumbersandReynoldsnumbers
of reference2.

Lower-surfaceflowconditions.-Theexperimentalpressureson the
loweror high-pressuresurfaceoftheairfoilaheadof theflapare
somewhatmorepositivethanthetheoreticalvalues.Themagnitudeof’

? thedisagreementincreasesalongthechordandincreasesateachchord-.
wisestationwithangleof attack.Onefactorwhichaccountsforsome

d of thedifferencebetweenexperimentandtheoryistheeffecton the
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pressuredistributionsoftheinteractionbetweentheleading-edgeshock
andtheexpansionwavesfromtheairfoilsurfacewhichispresentinthe
actualflow.Thisinteractioncausesexpansionwavestobe reflected
backontotheairfoilsurfaceas compressionwaves,whichinturn
increasethepressuresontheairfoilsurface.Theseeffectsare
neglectedintheshock-expansionmethodof computingthepressure
distributions.Reference3 indicatesthatifthis”interactionis ““ :
considered,theslopeofthepressure-distributioncurveattheairfoil
leadingedgewouldbecomeincreasinglylowerthantkt predictedby the
shock-expansiontheor-yastheangleof attackis increased.However,
themagnitudeofthiseffectisnotgreatenoughto accountformore
thanaboutone-thirdoftheobserveddifferenceinslopebetween
experimentandtheorywhichexistsattheairfoilleadingedge.

Theresultsof reference 1 showedthaton thesa= a’irfoilat-a
Machnumberof1.62anda Reynoldsnumberof 1.07X 10~,flowseparation
andtheaccompanyingforkedshockoccurredasfaras 15percentchord
aheadofthewing-flapjunctureon theairfoillowerstirfaceatan
angleof attackof 4.25°andflapangleof 13°. Incontrasttothis,
thepresenttestsdidnot”showanyevidenceof separationof theflow
aheadof thewing-flapjunctureonthelowersurfaceofthewingat
correspondingangle configurations(figs.5(d)and5(e)andfigs.6(a)
and6(b).),whichisbelievedduetothehigherReynoldenumbersof these
tests.

At positiveanglesof attackandpositiveflapangles,thepressures
onthelowersurfaceoftheflapusuallyincreasefrom~apressurelower
thantheoreticalatthe73.25-percent-chordorificetopressureshigher
thantheoreticalatthelastthreeorificesontheflap’(f’ig.5). This ,,
gradualcompressionintheboundarylayeroccursbecatie-thesubsonic
layercannotsupportthesuddencompressionthatoccursinthesuper-
sonicstream.Thereasonsforthepressures.attherea-i’mosttwoorthree
orificesontheflapbeinghigherthantheoreticalareas follows:

(1)Thecompressions,atthewing-flapjuncturest&t at a lower
localMachnuniberandhigherpressurethan-predictedby–theory”at“the“–
70-percentstation,exceptfor a = 0°,andthereforewouldbe expected
to yieldhigherthantheoreticalpressuresovertheflapsurface.

(2)Thecompressionsoccurgradually~ustoutsidetheboundary
layerbecauseoftherelievingeffectoftheboundarylayerinthewing-
flapjunctureandwouldthereforeaccordingto shocktheoryresultina
higherpressurethanthatpredictedifa singleshockwereassumed.

Themagnitudeof theseeffectsfor a typicalcaseis illustratedin
figure10. A theoreticalshockcompressiont@ough16.75of%omthe

5...
experimentalpressureonthewingjustupstreamofthevi@-flapjuncture,

.—
;

1
— -.
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followedby expansionovertheflapsurface,gives
flapabout10percenthigherthanthosegivenby a

pressuresoverthe
shockfromthe

theoreticalpressuresat-the70-percent-chordstation.An isentropic
compressionthrough16.75°fromtheexperimentalpressuresgives
pressuresovertheflapabout20percenthigherthanthosegivenby a
shockfromthetheoretical’pressuresatthe70-percent-chordstation.
Theexperimentalpressuresover theflapfallbetweenthesetwocurves,
whichisreasonable,sincethecompressionisneitherisentropicnor
doesitoccurat a theoreticalsharpcorner.

Effectof atrfoilthicknessonthepressuredistributions.-
Figure11 comparesseveraltypicalpressuredistributionsforthe
6-percent-thickatifofiwiththoseforthe9-percent-thickairfoilat
thessmeanglecotiinations.At theleadingedgeof the9-percentair-
foilthepressurecoefficientsonbothsurfacesarealwayshigherthan
thecorrespondingpressurecoefficientson the6-Percentairfoildue
to thelargerleading-edgeangleofthe9-percentairfoil.Fromthe
leadingedgebackto thehingeline,themorerapidexpansionalongthe
surfaceof the9-percentairfoilresultingfromlsrgergradientsof the
surfacecausesthepressurecoefficientto approach,andinsomecases

—

tobecomelessthsn,thatof the6-percentairfoil.Whenan expansion
of theflowisrequiredat thehingeline,thepressuredistributions
ontheflapsurfaceareaboutthesameforthetwoairfoils.However,
whena compressionoccursatthehingeline,thesmalldifferencesin
pressurecoefficientandlocalMachnumberaheadofthehingecausea
considerabledifferenceinthefinalpressurecoefficientobtainedon
theflap. Ingeneral,thepressurerisecausedby a givenflap
deflectionishigheronthe6-Percentairfoilthanonthe9-percent
airfoilexceptpossiblyforcasesinvolvingseparatedflow.

Aero@mmicCharacteristics

Sectionliftcoefficient.-Plotsof thesection-lift-coefficient
variationwithangleof attacksndflapdeflectionarepresentedin
figure12,fromwhichit canbe seenthattheagreementbetweenexperiment
andtheoryisbestforlowanglesof attackandpositiveflapdeflections.
Thelsrgestincreaseintheexperimentalliftcoefficientsoverthe
theoreticalliftcoefficientsoccursatthehigheranglesof attack
(6°and10°)sndthehighernegativeflapdeflections.Thisincrease
occursbecauseofthepreviouslydiscussedhigher-than-theoretical
pressuresover thelowersurfacesofbothairfoilssheadoftheflap,
andbecauseof flowseparationontheuppersurfaceaheadof thehinge
line,whichdecreasesthenegativeliftof the
incrementintheexperimentalliftcoefficient
forthe6-~ercentairfoilwouldbe expectedat
as a resultof themodeltwist.

flap.An additional
overthetheoreticallift
thehighanglesofattack .
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Theflap-effectivenessfactor
P

ispresentedirifigure13. The
5

experimentalvaluesaregenerally-ingoodag&eementwi$htheoryexcept ‘
forcombinationsofpositiveanglesof attackabove4°withnegative ,,
flapdeflections,wheretheexperimentalvaluesarefrom10to30 percent
lowerthanthetheoreticalvalues.Ex~inatioriof theliftCU?WW of
figureX2showsthatthisisdueto a lower-than-theoreticalrateof
changeof liftwithflapdeflectionat thestatedangle”e,sincetherate
of changeof liftwithangleof attackisslightlyhi~erthantheo-
retical.

Sectiondragcoefficients.-A sectionfrictiondragcoefficientof
0.003wasaddedto &llthepressure-dragcoe?~icientsobtainedfromthe
experimentalandtheoreticalpressuredistributions.Thisvaluewas
determinedfromunpublishedforce-testsof a-similarti”ng“inthesame
tunnel.Anyvariationof frictiondragwith.emgleoftixtackwasnot ,.
determined.

‘ Thevariationofthedragcoefficientwithangleo~ attackandflap
deflectionis presentedinfigure14 forboththe6- @ 9-percen>-thi.ck..
airfoils.Theexperimentalsectiondragcoefficientsaregenerally in
good agreementwiththetheoryexceptatthehigherfla~deflections, ,
wheretheexperimentalvaluesaresomewhatlowerthanthetheoryfor
bothairfoils.ThisdecreaseindragisthesameasthitPreviously
notedinreference4 atlowerMachnumbersandisa resultofthe
separationovera partoftherearportionoftheairfoil,oftenover
thewholeflaplow-pressuresurface,whichisaccompaniedbypressures
higherthantheoreticallypredicted. —- .. .—.

Sectionlift-draaratio.-Thecombinationofhi~herliftandlower- ‘“
dragthantheoreticallypredictedresultsinexperim~ntallift-dragratios
whicharegenerallyhigherthantheory,as showninfi~e 15. The .-
maximumexperimentallift-dragratioforthe6-percemt-thickairfoil
isapproximately6.1,thetheoreticalmaximum,5.6. MaZlmumexperi”-–
mentallift-dragratioobtainedforthe9-per-cent-thick.airfoilis
4.75,comparedwitha theoreticalvalueof abotit4.3.

Sectionpitching-momentcoefficients.-Thevariations-ofsection ‘
pitching-momentcoefficientwithsectionlift”coefficien?arepresented-
infigure16forbothairfoils.Ingeneral,theexperimentaldata
showgoodto excellentagreementwiththetheory.Thesmalldisagreements
whichexistaretheresultsof flowseparation,airfoiltwist,endother

dcn
effectswhichwerediscusse’d’previously.Vdfiesof

Kat Cm=o
obtainedfromfigure16arepresentedinfigure17and#howfairlygood
agreementwiththetheory.

—
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Themovementof thecenterofpressurewithsngleof attackforthe
6- and9-percent-thickairfoilscomputedfromthesectionpitching-
momentcoefficientandsectionliftcoefficientis showninfigure18.
Theexperimentalcenter-of-pressurepositionsagreeverywellwiththe
theoreticalvaluesatpositiveflapdeflectionsbutgivefairtoyor
agreementat negativeflapdeflectionswhereflowseparationoccurs.
Thecenter-of-pressurelocationsforthezero-flap-deflectionconditions
agreeverycloselywiththevaluespredictedby theshock-e~ansion
theory(fig.18).

Sectionflaphinge-momentcoefficient.-Althoughthepressure
distributionsovertheflapsforbothairfoilsshowedconsiderable
differencesbetweenexperimentalandtheoreticalpressuresdueto flow
separationand“shock- boundary-layerinteraction,theplotsof section
flaphinge-momentcoefficientagainstflapdeflection(fig.19)show
goodagreementbetweenexperimentandtheory.Thisagreementisthe
resultofthecompensatingnatureof thedisagreementspointedout in
thepressure-distributiondiscussion.Theagreementof theexperimental
sectionhinge-moment-coefficientdatawiththeoryis furthe~showninthe
curvesof sectionhinge-moment-coefficientslopesplottedfor 6=00
in figure20.

TheeffectofReynoldsnumberontheaerodynamiccharacteristics.-
Theeffectontheaerodynamiccharacteristicsof increasingtheReynolds
numberoftheflowfrom5.1 x 106to 8.ox 106forthe6-percent-thick
airfoilandfrom5.0 x 106to 8.8 x 106forthe9-percent-thickairfoil
wasingeneralnegligible.Representativeplotsshowingthemaximum
vsriationof theforceandmomentcoefficientsofthe6-percent-thick
airfoilwithReynoldsnumberarepresentedin figure21. It shouldbe “
notedthatthedataof thesetestsdonotshow- at Reynoldsnunihers
of about5.ox 106and8.4x 106- anyregionsof controlineffectiveness
suchasthoseobservedonthesameairfoilsat lowerMachnumbersand
Reynoldsnuders(references1 and2);therefore,itmaybe concluded
thatatMachnumbersandReynoldsnumbersintherangeofthesetests,
trailing-edgeflapsof thetypeinvestigatedwillbe continuously
effectivethrougha rangeof anglesof attackfrom0°to 10oanda
rangeof flapdeflectionsfrom-16°to 16°.

Effectof airfoilthicknessontheaerodynamiccharacteristics.-
Someoftheaerodynamiccharacteristicsofthe6-percent-thickairfoil
arecomparedwiththoseof the9-percent-thickairfoilinfigure22.
Thecurveswerechosento covertherangeof testandat thesametime
to showthemostnotablesimilaritiesanddifferencesinthecharac-
teristicsof thetwoairfoils.

.
Thevariationof sectionliftcoefficientwithflapdeflectionfor

0°,6°, and10°angleof attackispresentedinfigure22(a).The
● “ valuesforthetwoairfoilsarevery nearlythessneexceptat angles
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e—
of attackof6° and10°fornegativeflapdeflections,‘andat0° angle —. —-—
of attackforpositiveflapdeflections.Inthefirstcase,the9-
percent-thickairfoilhashigherliftsbecauseoftheincreasedloadings P-
over theforwardportionof theairfoilandthedecrea~ednegative
loadingof theflap(figs.~(d)and5(e)andfigs.7(c)and7(d)).In’ ! – .. .
thesecondcase,the6-percent-thickairfoilgiveshigherliftsthanthe “..
9-percentairfoilbecauseof thehigherloadifiover~h~flap(figs.
n(a) andn(b)).

TheminimumpressuredragcoefficientsQbtainedfcirthetwoairfoils
areingoodagreementwiththetheoreticalpredictionthattheminimum ,.
pressuredrags shouldvaryasthesquaresof thethicknessratios of the’
twoairfoils.A comparisonof thesection-drag-coefficientvariation
withangleofattackforthetwoextremeflapdeflectionsof the6- and :
9-percent-thickairfoils(fig.22(b))showsthat,whilethecurvesare
verynearlythesamefor b = 16°,the9-percentairfoilgiveshigher
dragfor b . -16°.Theagreementindragforthetwoairfoilsat
positiveflapdeflectionsisa resultof theIncreaseddragofthe6- .“
percentflapoverthatofthe9-percentflap,””whichcompensatesforthe
lowerdragoftheforwardportionof-the6-Percentairfoil.For
negativeflapdeflections,thepressuredistributionsovertheflapsof
thetwoairfoilsaresimilarendtheneteffectisthereforetogivea
higherdragto thethickerairfoil,aspredictedby the-theory.

A comparisonofthepi,tching-momentcoefficientsforthetwoair-
foilsat0°and10°”angle ofattack(fig.22(c))showsthatthe9-perce~t-
thickairfoilgivesmuchlargerchangesinsectionpitching-moment
coefficientwithangleofattackthandoesthe6-percent-thickairfoil.- ““
Thisisduechieflyto differencesinthecent”er-of-pressurepositionon ~
thetwoairfoilsandisinagreementwiththeory.

Theplotof sectionhinge-momentcoeffibntagainstangleof attack““
forflapdeflectionsof -16°,0°,and160(fig.22(d))showsthatthe
experimentalhingermmentschangemorerapidlywithflap--deflectionon ““
the6-percentairfoil.thanonthe9-percentairfoil,ai”ispredictedby ‘“
thetheory. ——

Comparisonof experimentalresultswithshock-expaiisionandsecond-–””~
order—airfoiltheories.-IntableI a comparisonis“madqbetweenthe. , ,,
experimentalresultsat zero”lifiandthefire:~-icti~n”s”of theshoc~-
expansiontheoryandtheBusemannsecond-orde~”airfoilfie”ory.The ;:

second-ordertheoreticalvalueshavebeenobtainedby themethodsof.
references5 and6. Theequationsof reference5 arefo_rsymmetrical
parabolicairfoilsbutcanbe appliedto circular-arc.a~~foils,since
themsximumdifferencesinairfoilordinatesahdsurfaceanglebetween ‘“
the9-percent-thicksymmetricalairfoilsofeachtypeareO.01~percent-–,:-
chordand0°5’ofangle,respectively. -.
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Referringto tableI, itcanbe seenthattheshock-expansion
theory(usedthroughoutthispaper)usuallygavenmreaccuratepredictions
(within11percentof experimentalvslues)of theaeromamiccharac- .
teristicsoftheairfoilat zeroliftthandidthesecond-ordertheory.
Thesecond-ordertheorybecomesincreasinglyinaccurateas theairfoil
thicknessincre~esandis generally20 to 30percentlowin its
predictionsof flapparameters,suchas

c%
and C Besidesbetter

‘5“
accuracyat zerolift,anobviousadvantageof theshock-expansion
theoryisthatitmslcespossibletheaccuratepredictionofaerod~amic
coefficientsoverthewholerangeof angles,ascomparedwiththesecond-
ordertheory.

CONCLUSIONS

An investigation,includingpressuredistributionsandsch.lieren
flowphotographs,hasbeenmadeof theflowchsrakteristicsover6- and
g-percent-thicksymmetricalcircular-~cairfoilshaving30-percent-
chordtrailing-edgeflaps.Analysisoftheresultsofthesetests,which

8
wereconuctedata Ma h numberof 4.04andat Reynoldsnumbersof about

~5.0x 10 and8.4x 10 , indicatedthat:

1.Theexperimentalpressuredistributionsat Reynoldsnumber
5.0x 106showedgoodagreementwiththepressuredistributionscomputed
by theshock-expansiontheory,exceptovertheflapsurfacesandjust
aheadoftheflaphingelineonthelow-pressuresideof thewing.

2.Dueto thecompensatingnatureofthedisagreementsbetween
experimentsndtheoryinthepressuredistributions,theintegrated
sectionforceandmomentcharacteristicsshowedverygoodagreemnt
withthetheoreticalcharacteristics,exceptfora reductioninflap
effectivenessat angleconfigurationswhereflowseparationover the
flapbecameimportant.

3. IncreasingthetestReynoldsnunibersfrom5.0X 106to about
8.4x106 decreasedtheefientoftheareasof separatedflowbuthad
littleeffectontheintegratedforceandmomentcoefficients.

4.The6-percent-thickairfoilshoweda smallerincrementin
sectionpitching-ummentcoefficientwithchangesinangleof attackand
a largerincrementinsectionflaphinge-momentcoefficientwithchanges
inflapdeflectionthandidtheg-percent-thickairfoil.

—

,

. 5. Intheseteststhetrailing-edgeflapswerecontinuously
effectivethroughouttheanglerange,whereasdataobtainedon thesame

*
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airfoilsatMachnumbersfrom1.62 to2.4oanda Reynoldsnumberof
1.o6x 106showedregionsof flapineffectivenesscausedbyviscous
effects.

LangleyAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

LangleyField,Va.

L

—

v

.

u
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Mach
with

* APPENDIX

TUNNELCALIBRATION

FlowconditionsinthetestsectionoftheLangley9-by 9-inch
nuniber4 blowdowntunnelweredeterminedfromflowsurveysmade
&-inch-diameterflat-nosedtotal-pressuretubesanda 30°right
Lu

circularcone.Figure23 showsthelocationofthesurveystationsin
thetestsection.Figure24presentstheMachnumbersatthesestations
asdeterminedfromtheratiooftest-sectiontotalpressureto settling-
chamberpressure.

Transversesurveysweremadeat stations3 to 10 at twovaluesof
absolutehumidity,approximately1 x 10-3 snd 1 x 10-5poundsofwater
vaporperpoundof dryair. Theonlyappreciabledifferencesin
indicatedMachnumberoccurredathorizontalstatidns9 and10
(fig.24(a)),andonlythedataforthesestationsforhighandlow
humiditiesareshown.Repeatmeasurementsatthessmehumiditychecked
withintO.005inMachnumber.TheaverageMachnumbergradientinthe
flowdirectionforthelow-humidityrunsis0.01perinchover an
n-inchlength.Machnumbersdeterminedfrompressureson a 30°cone
anda wedgeairfoil.agreedwellwiththeMachnumbersdeterminedby the
total-pressuremeasurements.In allcasestheMachnuuiberdecreasedina
downstreamdirection,probablybecauseofthegrowthoftheboundary
layer,sincethewsll.softhetunnelareparallelinthetestsection.
Thetunnel-wallboundary-layerthicknesswasfoundtobe 0.8inchon the
tunnelfloorand1.1incheson thesidewalls.

Figure24(c)presentstheresultsofsixverticalsurveysat three
stationsalongthetunnelaxis. Surveysweremadeateachstationat
stagnationpressuresof150and220poundspersquareinchabsolute.No
variationofMachnumberwithpressurecouldbe determined.Thesurveys
indicatethepresenceofweakshocksinclineddownstreamtowardthe
tunnelsxisfromthetunnelceilingandfloor.Nophysicaldiscon-
tinuitiescouldbe observedinthenozzle-blockcontourswhichmight
causesuchdisturbances.Thesedisturbancesdonotappeartohaveany
measurableeffecton theairfoildata,asindicatedby thesmoothair-
foilpressuredistributionsobtained.

Theerrorinairfoilpressurecoefficientcorrespondingtothe
maximumMachnumbervariationfoundintheregionoccupiedby themodel
isM.005.. Theeffectofthiserrorontheairfoilnormal-forceand
momentcoefficientsisnegligible.Thebouyancyeffecton thebag
coefficientduetotheMachnumberdifferenceisalsonegligible.
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OFEXPERIMENTAL

WllXJZI

DliTAAT ZEROLIFTWITHTHESHOCK-EXPANSION

THEORYANDTEEBUSEMANNSW ON’D-ORDER~~~ ~ORy AT MACHNUMBER4

Busemannsecond-
Aero- Experimental Shock-expansion ordertheory
dynsmic results theory (re~de;yes5
character-
istics

6 percent9 percent6 percent9 percent6 percent9 percent

cla 0.020’ 0.020 0.018 0.020 0.018 0.018

c%
0.0045 0.011 0.0050 0.011 0.0050 0.011

c% 0.0016 0.0022 0.0014 0●0021 0.0016 0.0026

Cm5 -0.0012 -0.00092 -0.0012 -0.00098 -0.0011 -0.0W68

c% -0.0060 -0.0042 -0.0057 -0.0041 -0.0049 -o.m28.

CZfa 0.0037 0.0027 0.0038 0.0030 0.0032 0.0022

c.P*~
# 0.49 O*45 0.49 0.45 0.47 0.41

9

‘k



.-

I-J
a

[

Settlkg chamber
Seared mirimum

\
Frst ninimm-n

7“
Schliam mirror

Subsonicdf fuser~ [ m

Fig l.-SchematicviewoftheLangleyg-by g-inchMachnwnber\
blowlowntunnelwithtunnelsidewallcutaway.

,.
I

v .*: ~x,! ,, I ,,, ,;1., ,:i

t I.

,.,
.1., ,

,!,, .

:,,

.,:,
,,

1,.,

,,,



.

Figu+ 32.- Pressure-distribution model mounted in the test section of the
Langley 9-by g-inchMachnumberJblmdowntunnel.
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a= -10.5°,B==-16°
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(a) a x -1oo.

Figure6.- Schlierenphotographsshowingtheeffectsof flapdeflection
ontheflowaroundanaspect-ratio-1winghavinga 9-percent-thick
symmetricalcircular-arcairfoilsection.Verticalknifeedge.
M, 4.04;R,5 X 106.
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